An accurate control over the rate of heat input and material deposition is essential in gas metal arc welding for its greater use in joining of sheet metals. Although pulsed current gas metal arc welding facilitates excellent control over the rate of material deposition, greater rate of heat input due to high peak pulses remains critical. Gas metal arc welding with conventional short-circuiting mode of metal transfer provides a significant reduction in the rate of heat input while an uninterrupted and spatter-free material deposition is too difficult to achieve. A novel low energy input short-circuiting gas metal arc welding is proposed here that facilitates short-circuiting mode of metal transfer with a very low power detachment phase. Here we present an investigation on the current, voltage and consequent metal transfer sequences in pulsed current, and the conventional and the novel low energy input short-circuiting gas metal arc welding processes of high strength automotive steel sheets. It is realized that the low energy input short-circuiting process could provide uninterrupted and nearly spatter-free metal transfer at significantly reduced electrical power in comparison to both pulsed current and conventional short-circuiting gas metal arc welding. The low energy input short-circuiting process could also facilitate fairly small angular distortion of weld joints.
Introduction
Gas metal arc welding (GMAW) process is widely used in automotive and other associated industries for joining of a variety of parts in thin metallic sheets. Although pulsed current GMAW or commonly referred to GMAW-P allows excellent control over the rate of heat input and of metal transfer, high current peaks and consequent heat input that may result in burn through or significant thermal damage have remained as a concern [1] [2] [3] [4] [5] . The conventional short-circuiting GMAW process, which is also referred to as SCAW, allows significant reduction in the rate of heat input as the arc is extinct during the short-circuiting mode of metal transfer.
However, violent re-ignition of the welding arc at the end of metal transfer and resulting uncontrollable spatter have traditionally greater use of SCAW process in joining of thin sheets [6] [7] [8] .
The present work reports the recent development of an advanced low energy input short-circuiting GMAW process that facilitates the arc re-ignition only after a controlled drop-down of the short-circuiting current leading to a substantial reduction in the heat input during the most sensitive short-circuiting detachment phase [9] [10] [11] [12] . Although the low energy input short-circuiting process provides a significant improvement over the conventional SCAW process, lack of physical understanding of the nature of the current and voltage transients and their interrelation as well as of the corresponding sequences of material transfer has inhibited the greater use of the low heat energy input SCAW process [9] [10] [11] [12] .
An integrated effort to study the nature and magnitude of current and voltage transients, and simultaneous events of metal transfer has been rare both in GMAW-P and SCAW processes.
Obviously, studies in this direction have remained challenging in GMAW process due to radiant welding arc and high peak temperature [1] [2] [3] [4] . Although visual imaging sensor, infrared camera, and radiographic sensing methods are used to study real-time characteristics of GMAW process, these sensors often limit the flexibility of the process and are less reliable 13) . Acoustic signals are used to relate the variations in the recorded sound waves with different phases or types of welding arc and consequent mode of metal transfers while such indirect measurement technique remains cumbersome and requires extensive calibration 14) . Zhang et al 12) used high speed images to study the influence of wire feed speed on the metal transfer characteristics in GMAW process 15) .
We present here an experimental study towards simultaneous assessment of current and voltage transients as well as of the events of metal transfer in GMAW-P, conventional SCAW and in the recently developed low energy input SCAW processes using a synchronized, very high-speed data acquisition and image processing system. The recorded current and voltage waveforms are analysed further to evaluate the relative magnitudes of time-averaged current, voltage and power in all these three process for a given wire feed rate during butt welding of 1.6 mm thick high strength automotive steels. ransfer are visualized using a high-speed camera (Photron Fastcam SA-1) at a rate of 54000 frames per second in dualslope-shutter mode in order to avoid the brightness of the arc. a two-ramp function to a peak that is substantially smaller than the similar peak in the conventional SCAW process (Fig. 2) . As the short-circuiting current rises in the low energy input SCAW process, the liquid bridge is heated due to resistive heating and begins to form a neck because of pinching force (images 2 and 3).
Experimental procedure

Result and discussion
In particular, a glowing thread of liquid bridge that is about to get sheared and deposited in the weld pool is worth noting (image 3).
Further, the current is forced to drop down before the arc re-ignites with a rapid shooting up of the voltage to a peak for a very short duration. In this period, the current in reduced to a relatively smaller magnitude of about 50 A for a specific duration and thus, the re-ignition of the arc happens at a substantial low power (image processes is presented in Figure 5 . The angular distortion is measured at three longitudinal points along the weld seam. Figure   5 shows that at a low wire feed rate of 2.3 m/min, the angular distortion is concave in nature in both GMAW-P and low energy input SCAW processes with the magnitude of the concavity significantly smaller in the latter case. With the increase in the wire feed rate to 3.3 m/min, the rate of heat input increases resulting in enhanced distortion in both the processes. As the wire feed rate is increased further to 4.2 m/min, the angular distortion remains concave and is enhanced further in GMAW-P process. In contrast, the angular distortion reduces significantly and becomes slightly convex in nature in the low energy input SCAW process. 
Conclusions
A quantitative assessment of real-time current and voltage transients and the corresponding nature of metal transfers in GMAW-P, conventional SCAW, and in a recently developed low energy input short-circuiting GMAW processes are presented. For a given wire feed rate, the low energy input short-circuiting GMAW significantly reduces the rate of energy input compared to both GMAW-P and the conventional SCAW processes. In particular, the low energy input SCAW process allows a significantly low power arc re-ignition and material detachment that eventually reduce spatter and angular distortion.
